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231, Campus Plaine, B-1050 Brussels, Belgium
3Arnold Sommerfeld Center for Theoretical Physics, Ludwig-Maximilians-Universität

München, 80333 München, Germany
4Department of Physics, The Ohio State University, Columbus, OH 43210, USA

E-mail: mar.diliberto@gmail.com

We study the low-energy excitations of the Bose-Hubbard model in the strongly-interacting superfluid phase
using a Gutzwiller approach. We extract the single-particle and single-hole excitation amplitudes for each mode
and report emergent mode-dependent particle-hole symmetry on specific arc-shaped lines in the phase diagram
connecting the well-known Lorentz-invariant limits of the Bose-Hubbard model. By tracking the in-phase
particle-hole symmetric oscillations of the order parameter, we provide an answer to the long-standing question
about the fate of the pure amplitude Higgs mode away from the integer-density critical point. Furthermore,
we point out that out-of-phase symmetric oscillations in the gapless Goldstone mode are responsible for a full
suppression of the condensate density oscillations. Possible detection protocols are also discussed.
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